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EXPERTMENTAY, INVESTTGATION OF AXTAT.-FLOW COMPRESSOR STATCR
BLADES DESIGNED TO OBTAIN HIGH TURNING ANGLES BY MEANS
OF BOURDARY~-LAYER SUCTION

By G. R. Costello, R. L. Cummings, and G. K. Serovy

STMMARY

An investigetion was conducted to determine the practicability of
using blede boundary-layer control in order to cbtain high turning
angles in a stator-blade row. The slotted stator blades were designed
by & potential-flow method for a 45° turning angle wlth low solidity
using 1 percent boundary-layer bleed. These blades were installed in
a l4-inch tip-diemeter, single-stage compressor. Several slot-
configurations designed to reduce the large secondery flows produced
by the original blades were tested. These secondsry flows caused high
losses through the stator blade row. These losses must be reduced if
such blading is to be practical. In addition, a means of boundary-
layer control was installed on the hub ahead of the stator blades to
improve the entrance conditions.

The over-all performence of the stage was cbtained for a range of
weight flows at each of three tip speeds with and without hub suction.
These results together with weke surveys indicated that, although the
design turning was obtained, the slots crested large local static-
pressure gradients which caused separetion from the walls and greatly
increased the secondary flows,

INTRODUCTION

A recent theoretical investigetion (reference 1) indicated that
use of boundary-layer control on the stators of the latter stages of a
multistage compressor to obtaln large increases in turning angles
through these stators would improve the performance of the compressor
by increasing the pressure ratio In the latter stages and broadening
the operating range.

In order to evaluste the practicability of these blades by deter-
mining the quantity of boundary-layer bleed necessary to cbtaln these
high turnings as well as the efficiency of these blades, a set of stator



2 . S . NACA RM E52D18

blades especlally deslgned for boundary-layer bleed was Installed in a
variable-component, single-stage compressor. Varlous suction slot con-
figurations on the blade surfaces were studied over g range of com-~
pressor speeds and weight flows. Because gll slot configurations tested
increased the secondary flows, particularly at the hub, boundary-layer
bleed was introduced on the hub ghead of the stators in order to help
control these flows. This investigation was conducted at the NACA Lewls
laboratory. T : : e

The variation of total-pressure ratio and efficiency withhrtorrected
welght flow is presented for the best slot configuration tested with
and without hub boundary-leyer dontrol.

The following symbols are used in this report:
velocity of sound, ft/sec
blade chord, ft
Mach number
total pressure, 1b/sq £t absolute = . . . o B

static pressure, 1b/sq £t absolute . o _ SR

equivalent tip speed corrected to NACA standard sea-level con- |
ditions, ft/sec . . —

gbsolute air velocity, ft/sec

compressor weight flow, lb/sec

0{;24%‘|C_gwuwzam
D : .

compressor weight flow corrected to NACA standard sea-level con-'
ditions, 1b/sec

absolute air-flow angle measured from axis, deg
3 ratio of inlet total pressure to NACA standard sea-level pressuré

Nad adisbatic efficiency

2] ratio of inlet total temperature to NACA standard sea-level tem-
perature _ : : oz
g solidity, chord/blade specing

radius to blade element, ft e o o ; -t
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Subsecrlpts:
t tip
0] meesuring station at inlet tank (see fig. 5)
-1 measﬁring station after rotor (1.22 in. uéstreaﬁ of stator-blade

leading edge, see fig. 5)

2 measuring station after stator (1.50 in. downstream of stator-
blade trailing edge, see fig. 5)

STATCR-BIADE DESIGN

The stator blades were designed by using the two-dimensicnal
potential-flow method of reference 1 to cobtain the tip and hub sections
and fairing linearly between these stations. The sections were designed
to turn the air 45° with an inlet-air angle of 45° and l-percent
boundary-layer bleed. The inlet Mach numbers were 0.6 at the tip and
0.7 at the hub. These conditions spproximate the design rotor-exit
conditions as given in reference 2. The blades were set 1ln the case so
that the entering alr made the design sngle with the blade chord at the
design speed and weight flow. The hub and tip sections and thelr two-
dimensionsal potential-flow veloclity distributions are shown in figures 1
to 4. :

The initisl tests of this blade showed large wekes and therefore
several slot configuratlions were tried. The "best" of these configura-
tions was used 1n the performence tests.

APPARATUS
Flow Passage

The stator blades were installed in a l4-inch tip-diameter,
varisble-component, axial-flow campressor. A cross section of the flaw
passage is shown in figure 5. . The guide vanes and rotor blades used
were those of reference 2. The hub contour was the same as that of
reference 2 to a polnt approximately 0.65 inch upstream of the stator-
blade leading edge. Downstream of this point the hub radius was con-
stant at 5.825 inches, giving a stator-blade hub-to-tip diameter ratio
of 0.832. The downstream edge of the rotor was located epproximetely
0.100 inchb from the stator-blade leading edge. The 0.06-inch clearance
space between the rotor and the Inner wall of the discharge passage was
used as a hub suction slot for removing boundary-lsyer air immediately
in front of the stator blsdes. BStator-blade hub clearance was ¢.01l0 inch.

\
L
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Campressor Installstion

The compressor installetion is shown schematically in figure 6.
Air was drawn from the test cell into a depression tank through a o
stendard thin-plate orifice mounted on the end of an arifice tank. In ) 0
order to obtain uniform flow at the compressor inlet, a series of ' ) &
screens, filter psper; and a 3- by 3~inch homeycomb were located in ‘bhe @
depression tank. Alr was discharged from the com;pressor collector inta . .
the .1sboratory exhaust system. Y

Individual tubes welded into the blade bases led to a common msnil-
Pold for the application of suction to the stator-blede slots (see
fig. 5). The manifold was connected 'bhrough a cq.librated. orif:x.ce to
the mgin exhaust system, Suction weight flow was controlled by a valve
in the orifice line. Tubes fitted into the campressor rear bearing A
housing were used to .apply suction to the hub slot. The suction sir -
from the hub slot was discharged through a second manifold and a cali- A
brated orifice to the msin exhsust system. A valve in the orifice line -
was used to control the suction welght flow. ) T

R PR - ———

Instrumentation

Instrumentation for the determination of over-all and stator-blade
performance was located in the depression tank, downstream of the rator .
bladés, and downstream of the stator bla.des. A summary of the instru- -
mentetion is given in-table T. ' ) )

Pressure and temperstures meesured in the depression tank wexe o
assumed to be stagnation wvalues. The thermocouples at station 2 were o
connected differentially with those in the depression tank so that a
circumferentially averaged value of the temperature rise across the
compressor could be célculated for each of the radial measuring statlons.

Compressor weight flow was measured with a standard thin-plate . .
orifice located st the inlet to the orifice tank. Callibrated orifices N
in the ‘suction piping were used for measurement of the weight flows T
removed through the bladé slots and the hub slot. Compressor speed . = * .
was measured by a precision-type electronic. tachameter. - S

PROCEDURE L S - L Ll
Test Procedure ... - SRR T TP
The first phase of the test program was sn lnvestigation of several

blade-slot configurations in order to determine the location of slots
end the quantity of suction necessary to most effectively reduce the ' -

P
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stator-blade losses. The slot configurations considered are shown in
the order of their use in figure 7. The first stator blades installed
were slotted wlth the single 0.020-inch slot of configurstion A. Im
order to test the other slot arrangements, only three blades were modi-
fied and the flow conditions were determined behind these blades. Per-
formencé for each slot configuration was determined at the design-
equivalent tip speed of 836 feet per second and at a weight flow that
gave gpproximstely the design angle of attack at the mean radius of

the stator blades. Blade suction was varled in'order to determine the .
effect of the quantity of air removed on the blade performsnce; hub
suction was not used. The blade~-slot configuration F used for the

mgjor par'E of the Investigation was the one which produced the most
desirable flow pattern downstream of the stator blades as determined

by total-pressure wake surveys. This configuration does not necessarily
represent the optimum obtainable but was definitely the best Investigated.

In the second phase of the program, & complete set of stator blades
slotted as configuration F (fig. 7) was installed in the compressor,
and over-all performance data were taken at equivalent tip speeds of
585, 753, and 836 feet per second. At each speed a complete range of
. welght flows was covered from the meximm that could be obtalned with
the constant inlet pressure of 25 inches of mercury absolute to the
point of flow instebility. For each speed, data were taken first with-
out hub suction and then with approximately 2 percent of the inlet weight
flow removed by hub suction. At each date point, the blade-suction
welght flow was set so that the slots were choked in order to keep the
radisl distribution of suction weight uniform.

Calculation Methods

The total-pressure ratio used in this investigation was cobtained
from a mass-flow-welghted average of the isentropic energy input inte-
grated across the flow passage (reference 3). The adiabatic efficiency
used In evaluating the campressor performance was calculated from a
mess-flow~-weighted average of the total-temperature rise across the
campressor and a mass-flow-weighted average of the lsentropic power
input (reference 3).

RESULTS AND DISCUSSION
Slot Configurstion

When the stator blades with the original slot configuration A
(fig. 7) were first tested in the compressor at deslgn speed and weight
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flow, there was very little difference in the wakes with or without.
blade suction. Both wakes were very large. The turning angle was con-
giderably less than design, which indicated that the flow had separated
from the blade. . - S S S

The slots on three blaedes were enlarged to 0.040 inch, which
improved the wake at the pitch radius but made the wake at the hub end
tip larger. When slots 0.080-inch wide were tried, the wake at the o
blade tip was very small but the wake st the hub was increased greatly,
indicating that the boundary layer on the hub was Plowing across the

chsnnel and up the suction surface of the blade and thereby causing the

flow to separste. In an attempt to reduce the flow up the blade, the

the blade wake near the hub was noted. _
In order to reduce the separation, two 0,020-inch slots, configura-
tion F, were used. The design turning was obtailned with these blades,
and, although the wake was large, it was the smallest for all the
blades tested. The wake was very similar in shape to that produced by

the 0.080-inch slot but required much less alr to . be removed. o

The remainder of the stator blades were slotted in this manner for
the over-asll performance tests. Also hub boundary-layer control by a
slot located just upstream of the stators (see fi
help control.the blade wake at the hub. :

Over-All Performance

In the initial testing various blade and hub-suction weight flows
were used. The smallest wekes were cbtained with the blade slots choked
and with two percent of the total compressor welght flow.being removed
through the hub slot. These values were used in determining the over-
all performence of the stage. ' ’

The over-all total-pressure ratio .Pp/P; and adiabatic efficiency
Ngq &re plotted against corrected we_:ight flow 1%{_9‘ in figure 8, and

the ratios of the suction weight flows to the total Inlet weight flow ~
are plotted against the corrected weight flow in figure 9. The over-all

stage performance was quite poor when compared with ‘the rotor guide-vane

pressure ratio and efficiency as given in reference 4, ind{cating that
although the design turning was cbtajined in the stators the losses were

very high. The hub boundary-leyer control had a smzll effect an effi- _

ciency at the high speeds but increased the efficiency considerebly at

the low speeds, and was most effective where the pressure ratio was
small, :

g. 5) was installed to
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Stator-Blade Wakes

The stator-blade wake (measured at station 2) with the blade slots
choked and without hub suction. for the design speed and weight flow is
shown in figure 10, where the change in total pressure divided by the

Py~Po : :
dynemic head q_P— for the six radial positions is plotted against
1 :

circumferential distance in degrees from a point directly axial of the
trailing edge of one blade to a point directly axial of the next blade.
The mean flow angles vary only slightly from the axial direction so thst
a polnt directly downstream of the trailing edge of the blade would fall
between 0° and 1° in figures 10 and 11. Figure 11 shows the wake at

the same flow conditions as figure 10 but with 3-percent hub suction.
The removal of the boundary layer on the hub reduced the peaks in the
wake considerably, but in most of the channel the rednction was small.

The high~loss reglons are not directly downstream of the tralling
edge of the blade but are located at least 20 percent of the channel
width from a position directly downstream of the trailing edge, indi-
cating that the main loss does not arise from separation on the blade
but probably from separation on the case and extremely large secondary
flows (figs. 10 and 11).

The spproximate streamlines in a two-dlmensional potential Plow
past the hub section of the stators are shown in figure 12. In the.
nelghborhood of the suction slots the streamlines near the suction sur-
face of the blade curve sharply, which results in large local diffusion
rates (as in the stream tube aa). These large diffusions apparently
cause the flow to separate from the compressor case. Alsoc where the
streamlines curve sharply, the cross-channel static-pressure gradient

,1s very large and therefore induces large secondary flows.

The existence of the large secondary flows and separated areas were
indicated by hydrogen sulfide traces. One blade snd one passage were
coated with a thin film of lead oxide; and when the compressor was run-
ning at design conditions, hydrogen sulfide was. introduced into the
boundery lsyer on the inner case at a point approximately 1/4 inch down-
stream of the leadling edge of the stator and 3/ 16 inch from the suction
surface. - : B '

Without blade suction the lead sulfide traces on the case showed
little, 1f any, deflection toward the suction surface of the blade. The
streak lines in the white lead indicated the flow had separated from the
blade surface just upstresm of the first suction slot (fig. 13).

The traces with blade suction are shown in figure 14 where the area

-between the dashed line and the end of the blade ._indicates the srea where
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lead sulfide was formed on the blade. TFigure 15 is a sketch of the
traces on the inmer case. The area enclosed by the dashed line indi-
cates the arez where the lead sulfide was formed on the case. The solid
lines are the stresk lines (similar to those in fig. 13) formed in the
lead oxlde by the scouring action of the air. In the channel near the
glotse the streek lines show that the flow has apparently separated from
the case at the polnt Indicated I1n figure 15. The high-loss regioms in
the blade wake surveys (figs. 10 and :L'L) are directly downstream of

this polnt.-

CONCLUDING REMARKS

This investigation of slotted stator blades d.esigned for blade ,
boundary-layer control has shown that large turning angles (at least 450)
can be obtained in a compressor stator with low-solldity blades. This
turning was obtalned by removing 2 to 3 percent of the alr for blade _ _
boundsry-layer control. However, the suction slots created high local.
static-pressure gradients which greatly increased the secondary flows -
and caused separstion from the case so that the total-pressure losses
through these stator blades were large. Consequently, the secondary
flows and wall separation caused by the slots must be controlled by
some means (such as distributed suction) if such stator blad.es are to
be practlcal.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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TABLE I ~ INRSTRIMENTATION

o¥ic

Station | Radial messuring Measurement Instrument Circumfer-
statlon ential
(£t) position
. Total pressure Wall taps 2
0
Total temperature | Thermocouple probe - 4
0.5783 Total pressure Hook~type total-pressure probe 1
' gzgg Flow angle Claw-type probe 1
1 .5208 Statle pressure Wedge-type statlc-pressure probe 1
.4958 '
.4883
0.5783 Total pressure 25-tube total-pressure rake 1
gzje'g' Flow angle Claw-type probe 1
2 5221 Static presaure Wedge-type static-pressure probe 1
4976
4904 Outer wall tapas 4
Inner wall taps 4
Total temperature| 4-tlp thermocouple probe 4

ug
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Figure 1. - Stator-hlade profile at tip. r, 0.5833 feet;
c, 0.1238 feet; 0, 0.81; My, 0.6; By, 45°; Bg, 0°.
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Figure 2. -~ Two-dimensional potentisl-flow veloeity
distribution on tip sectlon of stator blade.
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FPigure 3. - Stator-blade profile at hub. r, 0.4854& feet;
c, 0.1238 feet; o, 0.97; My, 0.7; Bl,'gsé; By, 0°.
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Figure 4. - Two-dimensional potentlal-flow velocity distribution
on hub section of stator blade.
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Figure 7. - Suetlon slot configurations.
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Total-presaure ratio, Pp/Pg

2548

1.00 L
A
I a Y
.80 g 0 5 5 o
(1] [
o h oh ofp |M B0
) 0] -~ ™
.60
[l
(4
40
.20 P
1.6
7 1T T T 7T 177 T T71
C Blade suotion only (alota chokad) A A
0 Blads suction (alots choked) and N
1.4 hub euction 1 H
o A Duta of refsrance 4 h
oo P e .
1.3 B de -
g a’
op
1-5
g .
#
Ll @ 9
1
D
1.0 1
10 11 12 15 14

B -9 10 i1 12

(a) Equivalent tip speed, Uy/./8, 586 feet
' per maoond,

13 10 11 12 13 14
Corrected weight flow, W/T/0, 1lb/sec

(b) Equivalent tip spéed, Uy/./6,
755 feet per mecond,

{c) Bquivalent tip speed, Uy/./@,

836 fest per second.

Figure 8. -~ Variation of {otal-presmire ratlo and sfficlenoy with compressor weight-flow for three tip speeds.
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Figure 10. - Stator-loss survey. U././@, B36 feet per second; W v@/8, 13.47 pounda per second;
blade suction weight flow, 0.35 pound per second; without hub suction.
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Figure 15.
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- Flow traces on blade without blade suctlon.
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Figure 14. - Flow traces on blade with blade suction.
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